ABSTRACT: Studies were conducted to determine limiting amino acids (AA) for cattle limit-fed soybean hull-based diets. Ruminally cannulated Holstein steers were maintained in metabolism crates, fed the same basal diet (73% soyhulls, 19% alfalfa, DM basis), and given the same intraruminal infusions (400 g/d acetate; to supply energy without increasing microbial protein supply). Treatments were infused abomasally. In Exp. 1, steers (200 kg) were provided 1) water, 2) 10 g/d of methionine (MET), or 3) a mixture of 10 essential AA (10AA). Nitrogen retention (13.7 g/d) was greatest (P < .05) for steers receiving 10AA. Steers receiving MET (7.9 g/d) had greater (P < .05) N retention than control steers (5.4 g/d). In Exp. 2, steers (200 kg) were provided
Introduction
Identification of limiting amino acids (AA) in ruminal microbial protein is important because it supplies a large proportion of metabolizable protein for diets fed to growing cattle. Richardson and Hatfield (1978) reported that when metabolizable protein was supplied predominantly by ruminal bacteria, the limiting AA sequence was methionine, lysine, and threonine. However, in the presence of added methionine, N balance was not statistically different when lysine or tryptophan was supplied. Additionally, in the presence of added methionine and lysine, N balance was not statistically different when threonine or tryptophan was supplied. Despite the data of Richardson and Hatfield (1978) being less
1997
10AA or 10AA with L-Lys deleted from the mixture. Steers receiving 10AA tended (P < .09) to have greater N retention (19.0 g/d) than those receiving no lysine (16.3 g/d) . In Exp. 3, steers (194 kg) were provided 10AA or 10AA with L-Thr deleted from the mixture. Nitrogen retention was not affected by removal of threonine. In Exp. 4, steers (152 kg) were provided 10AA or 10AA with L-His, L-Trp, L-Arg, L-Phe, or branched-chain AA (L-Leu, L-Ile, and L-Val) removed. Nitrogen retention was reduced (P < .05) by removal of either L-His or the branched-chain AA. For steers limit-fed soybean hullbased diets, methionine was first-limiting; histidine, at least one of the branched-chain AA, and possibly lysine were also limiting. than conclusive, little research has been conducted since to consider which AA limit cattle growth. Storm and Ørskov (1984) determined for sheep maintained by intragastric nutrition that ruminal microbial protein was first-limiting in methionine, second-limiting in lysine, and also limiting in histidine and arginine. Although the use of intragastric nutrition is a very precise research tool, the resultant atrophy of gastrointestinal tissues (Ørskov et al., 1979) may alter the metabolism of absorbed AA. Also, sheep may have different requirements for AA than cattle.
Our objective was to evaluate which AA are limiting for growing cattle fed diets containing low levels of ruminally undegradable protein in a series of N balance experiments.
Materials and Methods

Experiment 1
Five ruminally cannulated Holstein steers (200 kg initial BW) were maintained in individual metabolism crates in a temperature-controlled room (21°C) under continuous lighting to determine if N retention was limited by AA supply within our model. Steers were fitted with abomasal and ruminal infusion lines and adapted to the basal diet (Table 1) and ruminal infusions for 7 d before initiation of the treatments.
The same basal diet (Table 1 ) was fed to all steers at 3.4 kg/d (as fed) in equal portions at 12-h intervals. Both level 1 and level 2 of NRC (1996) predicted the diet to contain adequate ruminally degraded protein. Level 1 of NRC (1996) predicted that the diet alone provided for energy allowable gains of .40 kg/d, whereas level 2 predicted that the diet would only meet 92% of maintenance energy requirements. In addition to the diet, all steers received ruminal infusions of acetate (400 g/d) through an infusion line terminating in the rumen in order to increase energy supply without increasing microbial protein supply.
Treatments (Table 2) were abomasal infusions of water only (control), water plus 10 g/d L-methionine (MET), or water plus a mixture of 10 essential AA (10AA) in a replicated 3 × 3 Latin square design with one missing steer. The abomasal infusions (4 kg/d) were supplied continuously by a peristaltic pump through polyvinylchloride tubing (2.4 mm i.d.) that passed through the ruminal cannula and the reticuloomasal orifice and terminated in the abomasum. A 9-cm-diameter rubber flange placed at the abomasal end of the tubing ensured that the tubing remained in place.
The profile of AA in our infusions (10AA) was based on the estimated supply of absorbable AA to the small intestine (Campbell et al., 1997) , the profile of AA in microbial non-cell wall protein (NRC, 1996) , the profile of AA required for growth (O'Connor et al., 1993) , and our own data on methionine requirements (Campbell et al., 1997) . Supplies of valine, isoleucine, threonine, and lysine were set to amounts approximately 75% of the supply from the basal diet. Leucine supply (110% of basal supply) was slightly higher because requirements (O'Connor et al., 1993) relative to supply were expected to be greater for leucine than for the other branchedchain AA (BCAA). Histidine also was set slightly higher (140% of basal supply) due to large variations in the reported concentrations of histidine in body tissues of cattle (Ainslie et al., 1993) . Both arginine and phenylalanine were set proportionately lower than the other AA (at 30 to 40% of basal supply) because basal supplies were predicted to be enriched in these AA, relative to microbial protein, due to high concentrations in the ruminally undegraded protein from the soybean hulls. The amount of methionine (10 g/d) was the amount that slightly exceeded the requirement of steers maintained under similar conditions (Campbell et al., 1997) . Due to difficulties in analysis of tryptophan and the subsequent absence of definitive data for this AA, we arbitrarily set the tryptophan level at 5 g/d. In short, the amounts of individual AA in our infusions were selected to provide a profile of absorbable AA that would match the steers' requirements as closely as possible (given that definitive data were not available) so as to minimize AA imbalances.
Abomasal infusates (Table 2) were prepared as follows: for MET, 10 g of methionine was dissolved in 4 kg of water; for 10AA, BCAA (L-leucine, L-isoleucine, and L-valine) were dissolved in water containing 6 N HCl, remaining AA were added and dissolved, NaOH was added, and water was added to bring the infusate to the final weight.
Periods were 7 d long with 3 d for adaptation to treatments and 4 d for total collection of feces and urine. Short adaptation periods were adequate because research has demonstrated that ruminants adapt very rapidly (within 1 d) to changes in postruminal supply of nutrients (Hovell et al., 1983) . Also, a lack of carryover effects has been demonstrated in a similar experimental model with 2-d adaptations to graded levels of methionine (Titgemeyer and Merchen, 1990a) .
Representative samples of the basal diet were collected in each period and stored (−20°C) for later analysis. Orts, if any, were collected on d 2 to 6 of each period, composited, and stored (−20°C) for later analysis. During d 3 to 7, fecal and urine (into 300 mL of 6 N HCl daily) outputs were collected daily and weighed individually, then 1% of the urine and 10% of the fecal outputs were saved, composited by period, and stored (−20°C) for later analysis. The composite samples of diet and orts were ground with a Wiley mill (Thomas Scientific, Swedesboro, NJ) to pass a 1-mm screen. Diet, orts, feces, and urine were analyzed for Kjeldahl N (AOAC, 1994) to calculate N retention, and the diet, orts, and feces for DM and OM (AOAC, 1994) to calculate digestibilities.
Experiment 2
Five ruminally cannulated Holstein steers (200 kg initial BW) were used in a two-period crossover design. Experiment housing, periods, diet, ruminal infusions, treatment administration, collections, and laboratory analyses were the same as for Exp. 1. Abomasal treatments (Table 2 ) were the 10AA mixture described for Exp. 1 and the 10AA mixture with lysine removed (−LYS).
Experiment 3
Six ruminally cannulated Holstein steers (194 kg initial BW) were used in a two-period crossover design. Experiment housing, periods, diet, ruminal infusions, treatment administration, collections, and laboratory analyses were the same as for Exp. 1. Abomasal treatments (Table 2 ) were the 10AA mixture described for Exp. 1 and the 10AA mixture with threonine removed (−THR).
Experiment 4
Six ruminally cannulated Holstein steers (152 kg initial BW) were used in a 6 × 6 Latin square design. Experiment housing, periods, diet, ruminal infusions, treatment administration, collections, and laboratory analyses were the same as for Exp. 1. Abomasal treatments (Table 3) were a 10AA mixture or the 10AA mixture with either all three of the BCAA (−BCAA), Lhistidine (−HIS), L-phenylalanine (−PHE), L-tryptophan (−TRP), or L-arginine (−ARG) removed. On d 7 of each period at 3 h after feeding, 20 mL of jugular blood was collected, prepared for analysis, and analyzed for plasma glucose, urea (Greenwood et al., 1997) , and AA (Campbell et al., 1997) concentrations.
Statistical Analyses
All data were analyzed using the GLM procedure of SAS (1988) . For all four experiments, the statistical model contained the effects of animal, period, and treatment. Treatment means were determined using the LSMEANS option. For Exp. 1, means were separated by using t-tests for all possible comparisons among means when the overall F-test for treatment was significant (P < .05). For Exp. 4, treatments were compared with the control (i.e., complete mixture of 10 essential AA) by use of individual t-tests when the overall F-test for treatment was significant (P < .05).
Results
Experiment 1.
Nitrogen balance data are presented in Table 4 . Nitrogen retention increased 2.5 g/d (P < .05) when steers were provided with 10 g/d L-methionine and increased an additional 5.8 g/d (P < .05) when the complete mixture of essential AA was supplied. The change in N balance for methionine supplementation reflected both the increase in N intake from the methionine as well as a decrease in urinary N excretion, whereas the increased N retention for the complete mixture was associated with increased urinary N, with the increase being less than the amount infused.
Experiment 2. Nitrogen balance data are presented in Table 5 . Removal of lysine from the 10AA mixture did not significantly affect fecal or urinary N excretion, but N retention tended (P < .09) to decrease.
Experiment 3. Nitrogen balance data are presented in Table 6 . The removal of threonine from the infusate did not alter N retention.
Experiment 4. Nitrogen balance data are presented in Table 7 . Urinary and fecal N excretion were not significantly different among treatments. Nitrogen retention decreased (P < .05) when histidine or BCAA were removed from the infusate. Plasma urea N and glucose (Table 8) generally were unaffected by the treat- ments. Plasma concentrations of individual AA (Table  8 ) decreased as they were removed from the infusate. Additionally, plasma concentrations of metabolically related AA decreased when their precursors were removed; tyrosine decreased in response to phenylalanine removal, and ornithine decreased in response to arginine removal. However, citrulline, an AA related to the urea cycle, was unaltered by arginine deletion. Removal of the BCAA increased plasma concentrations of arginine, lysine, glutamate, alanine, and aspartate, whereas concentrations generally were not affected when histidine was removed.
Discussion
Our diet was similar to that fed by Campbell et al. (1997) . Based on their measures of absorbable AA sup- a Control = no amino acids; MET = 10 g/d L-methionine; 10AA = mixture of 10 essential amino acids (see Table 2 for composition).
x,y,z Within a row, means lacking a common superscript letter differ (P < .05). In cases when steers responded to AA supplementation with increases in N retention, these amounts represent a minimal estimate of the animals' requirement. In cases when steers did not respond to supplementation, these amounts represent maximal estimates of the steers' requirements. A comparison of microbial non-cell wall AA profile (NRC, 1996) with the absorbable AA profile of Campbell et al. (1997) indicated that our basal supplies of AA contained more phenylalanine and arginine than microbial protein, reflecting the contribution of ruminally undegraded protein by the soybean hulls. NRC (1996) models predicted Table 2 for composition); −LYS = lysine removed from 10AA.
b Means differ (P < .09). Table 2 for composition); −THR = threonine removed from 10AA. that 58% (level 1) or 76% (level 2) of metabolizable protein was supplied by microbial protein. Asplund (1994) provides an eloquent discussion on the difficulties of assessing AA requirements of ruminants. In essence, the supply of AA to the bovine intestine is dependent on dietary energy because microbial protein synthesis supplies a large proportion of the AA. Additionally, AA requirements are dependent on the animal's capacity for protein deposition, which is linked to available energy. Further, Asplund (1994) contends that the relationships among dietary energy supply, AA supply, and animal growth dictate that AA supply seldom directly limits protein deposition.
Under conditions where AA are not limiting, or only marginally so, responses to supplemental AA would be either absent or difficult to detect. Thus, a simplistic approach to assessment of AA needs, wherein a single AA is supplied to a typically fed ruminant, would be unlikely to alter protein deposition. Table 3 for composition); −HIS = histidine removed from 10AA; −PHE = phenylalanine removed from 10AA; −TRP = tryptophan removed from 10AA; −BCAA = leucine, isoleucine, and valine removed from 10AA; −ARG = arginine removed from 10AA. b Different from 10AA (P < .05).
Our approach to assessing limiting AA for cattle most importantly created a situation in which one or more AA were deficient. To accomplish this, we increased the supply of energy to the animal relative to the basal supply of absorbable protein. In our experiments, this was accomplished by supplying ruminal infusions of acetic acid that could be absorbed and utilized by the animal but not fermented by ruminal microbes. To ensure that animal response to the supply of a single AA was not limited by the supply of other AA, we provided the steers with mixtures of all of the essential AA. Under these conditions, responses to the supplemented AA could occur to the point at which another nutrient (energy) became limiting. Without this mixture of AA, responses to a single, albeit first-limiting AA would be relatively small because the AA profile of bacterial protein is relatively well balanced, such that a secondlimiting AA would restrict the steer's ability to respond (Storm and Ørskov, 1984) . By supplying what we considered to be excesses of all of the essential AA (i.e., above the amounts needed to optimize protein deposition given the amount of energy available), we allowed steers to deposit protein to the point where energy became limiting. Thus, the N retention observed when all essential AA were supplied represented the level of lean growth allowed by the energy supply. On the other hand, N retention when an AA was removed from the mixture represented protein deposition allowed by the basal supply of that AA. Thus, by comparing the magnitude of decrease in N retention when a single AA was removed from the mixture, we could ascertain the magnitude of limitation of that AA in the basal supply.
Results of Exp. 1 demonstrate the necessity of using a deletion approach for considering AA requirements in growing cattle. Nitrogen retention was significantly increased when methionine alone was supplemented to the steers, indicating that it was the first-limiting AA. However, the increase was less than what we would have predicted based on responses in previous experi- a 10AA = mixture of 10 essential amino acids (see Table 3 for composition); −HIS = histidine removed from 10AA; −PHE = phenylalanine removed from 10AA; −TRP = tryptophan removed from 10AA; −BCAA = leucine, isoleucine, and valine removed from 10AA; −ARG = arginine removed from 10AA. ments. Campbell et al. (1997) reported a 14.9 g/d increase in N retention when 10 g/d of methionine was added to an AA mixture, whereas we observed an increase of only 2.5 g/d to methionine alone. The difference in responsiveness to methionine probably occurred because an AA other than methionine became limiting in our study but not in that of Campbell et al. (1997) when other AA were supplied to excess. Thus, cattle were only able to increase N retention slightly in response to the first-limiting AA (methionine) because of limitations imposed by other essential AA. Richardson and Hatfield (1978) previously identified methionine as first-limiting in microbial protein for growing calves, but other work has demonstrated that other AA were also limiting (Titgemeyer and Merchen, 1990b) .
The total N supply was greater with 10AA than with MET, and, based on results of Exp. 1 alone, responses could be attributed to the supply of nonspecific N; decreases in N retention in response to removal of individual AA in Exp. 2 and Exp. 4 would suggest that this was not the case. The greater N retention for 10AA than for MET in Exp. 1 provides support that at least some of the additional nine AA were limiting in the basal diet. The increase in urinary N excretion in Exp. 1 when steers were provided 10AA indicates that at least some AA were supplied in excess of requirements; although this supports our belief that the complete AA mixture supplied AA to excess, it cannot be taken as proof that all essential AA were supplied to excess.
The 2.7 g/d reduction in N retention in Exp. 2 when lysine was removed from the AA mixture suggests that lysine was among the AA that limited responsiveness to supplemental methionine. The calculated basal lysine supply for our steers was 22 g/d, which was only marginally different from the requirement of 23 g/d for 70-kg calves gaining 1 kg/d in a study by van Weerden and Huisman (1985) . Titgemeyer and Merchen (1991) , using a deletion approach, reported that N retention did not increase in steers fed a semipurified diet when lysine was added to a mixture containing all the other essential AA, suggesting that, for their model, lysine was not a limiting AA in microbial protein. Lysine did increase N retention of steers fed corn-based diets (Devlin and Woods, 1965; Burris et al., 1976; Hill et al., 1980) ; however, other studies (Boila and Devlin, 1972; Abe et al., 1999) have failed to observe responses to lysine.
Results of Exp. 3 clearly indicate that, under our conditions, the supply of threonine from the basal diet did not limit protein deposition of steers. Richardson and Hatfield (1978) reported that threonine was the third-limiting AA for steers when metabolizable protein supply was predominantly microbial protein. However, examination of their data reveals that N retention was not significantly different between steers infused with methionine, lysine, and threonine compared with those infused with methionine, lysine, and tryptophan. Few other reports suggest that threonine was limiting for growing steers.
Results of Exp. 4 indicate that histidine and at least one of the BCAA limited N retention. Nitrogen retention was depressed similarly when either histidine or the BCAA were removed, indicating that these AA were co-limiting. Although differences among experiments in N retention of steers receiving all 10 AA makes comparisons among trials difficult, the reductions in N retention in response to removal of histidine or the BCAA were similar to the 14% reduction observed when lysine was removed from the infusate in Exp. 2.
Other researchers (Chalupa, 1975; Young et al., 1981; Wessels et al., 1997) have speculated, based on plasma AA profiles, that histidine was limiting for either cattle or sheep. Also, Storm and Ørskov (1984) reported that histidine was limiting for sheep when the sole source of metabolizable protein was of microbial origin. However, when they attempted to define the requirements using a stepwise reduction of histidine in the infusate, they did not observe a reduction in N retention, indicating that the histidine deficiency was relatively small.
Branched-chain AA have not been reported previously as limiting for growing steers, and few data with ruminants exist to indicate that BCAA are limiting. Komarek (1983) predicted that valine and isoleucine were the next-limiting AA for growing steers after methionine, lysine, and phenylalanine requirements had been met. This was based on the assumption that AA requirements of growing steers were similar to those of rats, swine, and chickens. However, our data do not completely support that prediction because N retention did not decrease significantly when phenylalanine was removed from the infusate. Davenport et al. (1990) reported that N retention increased when heifers fed a diet based on cottonseed hulls and corn were supplemented with 64 or 96 g/d of arginine. Both Ragland-Gray et al. (1997) , working with steers fed wheat silage, and Koenig et al. (1982) , working with heifers fed corn-based diets, reported numeric increases in N retention when cattle were supplemented with 14 or 20 g/d of arginine, respectively. Nitrogen retention responses in those studies may have been due to the effect that pharmacological levels of arginine have on growth hormone, particularly in the study of Davenport et al. (1990) , in which high levels of arginine were supplied. Increases in N balance were much larger when casein, rather than just arginine, was supplied to steers, suggesting that arginine was not the only limiting AA (Ragland-Gray et al., 1997) . Our inability to measure N balance responses to arginine may be attributable, in part, to greater amounts of arginine than of other essential AA being supplied to the steers from the soybean hulls.
Plasma urea and glucose (Table 8) generally were unaffected by the treatments, although plasma urea was numerically highest when histidine was removed from the infusate, perhaps reflecting the decrease in N retention. However, similar changes in plasma urea were not observed for BCAA, whose removal also decreased N retention.
The increases in plasma arginine and lysine as well as a number of the nonessential AA when BCAA were removed from the infusate may be indicative of less N being used for protein anabolism due to limitations imposed by BCAA. However, no associated increase occurred in plasma urea N, nor were these responses observed when histidine was removed, despite similar depressions in N retention.
Removal of arginine from the infusate did not affect N retention but did affect concentrations of several plasma AA. Lysine concentrations were decreased when arginine was removed, whereas concentrations of glutamine, glutamate, and aspartate were increased. The depression in lysine was unexpected. The increases in glutamine, glutamate, and aspartate may be reflective of less N passing through the urea cycle because of lower availabilities of arginine and ornithine. Thus, these nonessential AA may have served as alternative N sinks. Similar alterations of plasma nonessential AA have been observed by Koenig et al. (1982) and Davenport et al. (1990) when arginine was supplemented to growing heifers; however, in contrast to our study, N balance tended to improve in both of those studies when arginine was supplemented.
Plasma concentrations of methionine and threonine theoretically should have increased when N retention was decreased by the removal of histidine and BCAA, but their concentrations were unaltered by any of the treatments. Interestingly, methionine and threonine concentrations were numerically highest when BCAA were removed from the infusate and numerically lowest when histidine was removed. The relative importance of these observations is unclear.
In summary, methionine, when supplemented solely, increased N retention and thus was determined to be the first-limiting AA for steers fed a soybean hull-based diet. The similar reductions in N retention when histidine or BCAA were removed from an abomasally infused mixture of all essential AA suggest that these AA were essentially co-limiting. Removal of lysine tended to reduce N balance, suggesting that it too might be limiting. Our data indicate that further determination of the limiting AA sequence would be rather difficult, because N retention responses to removal of histidine, BCAA, and lysine were similar.
Implications
Methionine was the first-limiting amino acid for growing steers limit-fed soybean hull-based diets. However, nitrogen retention also was limited by inadequate supplies of histidine, by at least one of the branchedchain amino acids, and by lysine. This pattern of amino acid insufficiency differs from conventional thinking.
Previous studies rarely tested all essential amino acids. In contrast, our studies used a deletion approach and evaluated all essential amino acids. Further work is needed to extrapolate our findings to situations more typical of production agriculture, but our data should be useful for researchers interested in amino acid nutrition of growing cattle. Ultimately, our data suggest that growing cattle fed diets low in ruminally undegraded protein would benefit from the supplementation with limiting amino acids.
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